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Scientific Progress

We believe that the rapid, and broad-spectrum coloration change exhibited by cephalopods has distinctive advantages among
the wide range of possible bio-inspired mechanisms. The interplay of color change exhibited by cephalopod chromatophores
show an extraordinary increase in surface area (by a factor of 100), resulting in either ‘color-on’ states with structures that are
on the order of millimeters (pixel-sized for many conventional, engineered displays) or ‘color-off’ states when the
cross-sectional area of particular chromatophores are dramatically diminished. The collaborative effort of this program has
allowed us to better understand the ‘natural’ structure that underlies the effectiveness of color tuning in cephalopods, and to
incorporate those ideas into 3 integrative platforms that explore engineered versions of cephalopod-inspired rapid, tunable
coloration change. All of these platforms have pushed the limits of performance

in the materials utilized.

(a) Electro-active Hydrogel Arrays: One way of achieving dramatic changes in surface area that might emulate the rapid action
demonstrated by cephalopod chromatophores is to employ macroporous materials such as hydrogels. Such materials are also
amenable to the incorporation of various pigments to facilitate the demonstration of coloration change. An important focus is
developing an electrical actuation scheme to collapse and restore the hydrogels. Major advances in this area include (1)
achieving electrically collapsible polymeric hydrogels with response times 3 order of magnitude faster than previously reported.
(2) achieving gel collapse to 10% of its original surface area and to 7% of its original volume, (3) the incorporation of pigments
into the gel microstructure without compromising fast electrical responsivity, and (4) extending the range of operation of these
hydrogel-based devices.

(b) Folded Structures: The 100x change in area observed for chromatophores in cephalopods implies a material strain that is
beyond the simple capability of known elastomeric materials. Both the ‘sac’ of the chromatophore and the muscles that provide
the actuation of the

sac, must demonstrate exceptional strain. Research in this platform has created a series of elastomeric hetero-structures in
which greater strain can be realized. A rich variety of complex, three dimensional shapes can be created from two-dimensional
shapes by joining together

a pre-strained elastomer to an unstrained elastomer, and then releasing them. The final shapes are fully deterministic, meaning
that the same shape is produced each time, and they also exhibit non-linear but reversible strains when subsequently
deformed. Many of these shapes are

foldable, meaning that they automatically fold when released. ‘Stiffened’ elastomeric structures have been formed with a record
35% strain (compared to the standard 5%), with no lateral distortion. In addition, a novel coloration and signaling scheme has
been developed (Soft

Electroactive Polymer Ink displAY (SEPIA). It comprises an array of two-state systems in which circular areas on the surface of
the device are either colored or clear, depending on the voltage applied to each element in the array. Each element in the array
consists of a sac of

colored ink held between two transparent membranes. Voltage-driven filling or removal of colored ink in the sac produces
high-contrast color changes. In addition, work has progressed on forming transparent compliant electrodes for dielectric
elastomers: critical for the

electrical actuation of color-tunable devices utilizing dielectric elastomers.

(c) Bio-Photonic Protein Textiles: It is interesting to speculate about the possible unique optical properties of the pigment
granules within the cephalopods, and whether those optical properties might provide some guidance for engineered
approaches to coloration changed.

These thoughts provided the motivation for strongly collaborative research involving pigment isolation from Sepia (and also
from Loligo), and some initial photoluminescence characterization of the pigments either dried, in solution, or incorporated into
fibers or thin films.

Initial studies indicate a luminescence that may be emanating from some component of the pigment granules themselves, and
interesting distinctions in fluorescence wavelengths according to pigment size and shape.

(d) Bio-Model Characterization: The close collaboration with researchers at the Marine Biological Laboratory has been
invaluable, as have been the insights gained from a better understanding of the actual cephalopod structures and their
relationship to coloration change. The advances made in understanding the nanostructure and microstructure of actual
chromatophores provides critical input for the design of ‘synthetic’ chromatophores. In particular,

(1) The detailed microstructure of muscle attachment points for the actuation of chromatophores has guided the design of
artificial muscles and the strains needed in those structures. Cephalopod chromatophores have a system of muscles that
spatially separates the two functions of contraction and anchoring. Anchoring is accomplished by a system of extremely small
and abundant anchor points between the muscles and surrounding connective tissue. Additionally, the muscle fiber branches
multiple times at its terminus to form an arbor system. These arbors increase the surface area of the muscle, allowing for
additional anchor points. Importantly, the system allows full expansion of the pigment cell without any significant distortion of the
adjacent soft tissues.

(2) The elucidation of pigment tethers within the chromatophore sac allowed us to better understand potential issues of
agglomeration and pigment density for engineered approaches. Color fidelity throughout all stages of expansion of the



chromatophore is extremely important for successful adaptive coloration. Cephalopod chromatophores solve this by the
characteristics of pigments granules themselves and by a unique system used to distribute them evenly within the pigment cell.
This latter characteristic is manifested in a network of fibrous tethers to which all the pigment granules are attached. As
chromatophores are expanded, the pigments are essentially pulled into position in a non-random manner. This positional
anchoring preserves a uniform pigment distribution devoid of any empty spaces, thus maintaining color fidelity. This design is
newly discovered and may be reproducible using nanomaterials.

(3) Details of the size and distribution of pigments, keyed to the principal chromatophore colors (e.g., yellow, red, brown) will
assist in constructing models of color modulation through dynamic absorption and reflection. squid and cuttlefish skin display
different contrast differences, arising from the size and number of chromatophores per unit area. Squids have larger, less
densely packed chromatophores arranged in specific patterns: typically a circle of smaller red and yellow chromatophores that
surrounds a large brown chromatophore. Squid chromatophores can expand ~15x from their contracted (punctuate) state.
Cuttlefish skin possesses smaller but more numerous and densely packed chromatophores arranged in a honeycomb lattice;
each chromatophore expands only ~5x their punctate size. The two species represent separate arrangements that are
analogous to high- and low-resolution displays.

(4) The availability of actual pigment granules for purification and characterization will help us better understand the intrinsic
optical behavior of the chromatophores. Central to biological color displays is the nature of the pigments producing color. Using
specifically developed isolation techniques, we learned how to separate either single-colored chromatophores or aliquots of
individual color classes. Microscopic and morphometric analyses of chromatophore pigment granules revealed distinct size
classes based upon color. There were also textural differences noted between the colored granules. We identified that
granules exhibited a distinct fluorescent emission spectrum shift into the near-red wavelengths (610-630 ¢,) when excited by a
514 ; (blue-green) laser beam. The luminescent emission intensity was coupled to pigment color, with yellow granules having
the highest intensity followed by red then brown. Further studies of pigment granule structure and composition underlie an
ingenious hierarchical structure where pigment granule composition, emission spectra and granule morphology are key
features that enable light absorbance even when the pigment cell is maximally expanded and the path length is only a few
pigments thick.
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